Crosses were made between 51 different pairs of ditelocentric lines of hexaploid bread wheat (Triticum aestivum L.) to give double-monotelodisomic progeny with two different telocentric chromosomes. All the crosses involved pairs of chromosomes from the same genome.
INTRODUCTION
The primary association of homologous chromosomes into pairs (bivalents) at the first metaphase of meiosis has been known during most of this century (see Darlington, 1937) . Non-random, secondary associations of one or more bivalents into groups has also been noted by numerous authors since the 1930's (e.g., Darlington and Mofiett, 1930) in several different polyploid plants, including Taraxacum species (Gustafsson, 1934) , Oryza (Nandi, 1936) and Triticum aestivum (bread wheat; Riley, 1960; Kempanna and Riley, 1964; Feldman and Avivi, 1973) .
Triticum aestivum is an allohexaploid species (2n = 6x = 42) containing three different but genetically related genomes of various origins called A, B and D (Sears, 1952) . It is impossible to identify most of the individual chromosomes of wheat in Feulgen-stained, light-microscope squashes at metaphase of mitosis or meiosis.
Consequently, cells of stocks with known chromosomes marked as telocentrics, which can be distinguished from whole chromosomes at metaphase I of meiosis, were used both by Kempanna and Riley (1964) and in the present study. By using two marked chromosomes in various combinations, the relative spatial dispositions of pairs of different known marker chromosomes, present as telocentrics, or of heteromorphic bivalents, can be assessed. Riley (1960) showed that within a metaphase I cell, two different cytologically marked, genetically related (homoeologous) bivalents, were immediately adjacent at metaphase I more frequently than would be the case if their positions were independent of each other. Later, more extensive experiments (Kempanna, 1963; Kempanna and Riley, 1964) demonstrated the secondary association of bivalents in bread wheat. These showed that two marked homoeologous bivalents were immediately adjacent more frequently than two non-homoeologues. They concluded that the secondary association depended upon genetic relationships between the associated bivalents.
Besides showing the secondary association of homoeologues, the experiment indicated that different pairs of homoeologues may, on average, behave slightly differently. If so, this may be evidence for a pattern of bivalent positions within each genome-an order (as defined by Heslop- Harrison and Bennett, 1983 a) involving heterologues lying in fixed mean positions within genomes.
Kempanna and Riley looked at 14 crosses between the chromosomes belonging to two homoeologous groups, 1 and 7, both within and between genomes. The main purpose of the present work was to extend these observations using a more complete sample (51 crosses) including only the crosses between different pairs of marker chromosomes from a single genome. The results were used to test for evidence of different behaviour of different pairs of marked bivalents within genomes in the wheat nucleus at metaphase I of meiosis which could relate to their relative spatial disposition. This study also investigates special, non-random, features relating to the positions of morphologically marked, as opposed to normal, unmarked, bivalents.
MATERIALS AND METHODS
The basic techniques were similar to those used by Kempanna (1963) and Kempanna and Riley (1964 Both long and short arms of chromosome 6B (a nucleolus organising chromosome) were used in some of the crosses; as the results for each arm were not significantly different from each other, they are pooled below. The choice of male and female parent was made on the basis of seed or plant availability, plant fertility or arbitrarily.
The Fl plants resulting from the crosses were grown to meiosis in growth cabinets at 20°C with continuous illumination (irradiance about 110 W/m2) except in a few cases in the A and D genomes where they were grown in a glasshouse. They were treated with non-systemic insecticides (Pyrethrum-based) when required, and fertilisers were given regularly.
Squashes of fixed anthers were made using standard techniques (Kempanna and Riley, 1964) .
Permanent slide preparations of pollen mother cells (PMCs) at metaphase I, either Feulgen, or propionic orcein stained, were made for cytological analysis. Slides within each set of crosses were coded to avoid bias through knowing which cross was being scored.
Only first metaphase cells with all 21 bivalents aligned along a straight or gently curved line (fig. I) were selected for scoring. These were assumed to give flattened equatorial views of the metaphase plate. Except in a few cases where they occurred towards different poles, the positions were indicated by arrows pointing in different directions.
As Kempanna and Riley (1964) noted, this scoring method was artificial in that the original three dimensional pattern of the metaphase plate was represented unidimensionally.
There is considerable evidence that the chromosome originally designated 4B by Okamoto (1962) is chromosome 4A (see Dvorak, 1983) . Thus, analysis of the B genome was carried out both with and without crosses including the chromosome designated 4B by Sears. Since crosses involving chromosomes 4A (as well as 4D) were not made, this consideration did not affect the analysis of the A genome. In this paper, the chromosomes are referred to as originally named by Chapman and Riley (1966) , following the work of Okamoto (1962) and Sears (1954; 1959) .
ANALYSES AND RESULTS

Directions of marked bivalents
The data from the scoring sheets were entered into a microcomputer through a digitising tablet for analysis. Cells were divided into two groups, those with the two arrows (indicating the pole to which the telocentric chromosome would move) pointing in the same direction (2586 cells) and those with both pointing in different directions (2623 cells). The ratio of number of cells in these two groups was not significantly different from being equal position, giving the number of marked bivalents occurring at the outside or periphery of the flattened metaphase plate, will be referred to as the "end", while position 11 will be referred to as the "centre".
If marked bivalents occurred randomly over the metaphase plate, equal numbers would be expected in each of the 21 possible positions. The three distributions actually found were very highly significantly different (see table 1; P less than 0001 in all three genomes) from this random expectation (shown as a broken line in fig. 2 ). For all genomes, marked bivalents tended to lie towards the end of the metaphase plate. Genome B was significantly different from the other two genomes (Chi2" (lying together) and with 5, 17, 18 and 19 interveners (table 2) . The B and D genomes have very highly significant excesses of marked bivalents lying together while the A and B genomes have highly significant excesses of marked bivalents occurring at large separations-from 13 to 19.
Another group of results implies that the numbers with 5 interveners may differ from the number of cells with 4 or 6 interveners in the A and B genomes (depleted) and D genome (in excess), although this may be a chance result.
Interaction of methods of scoring
The histograms shown in figs. 2 and 3 were not independent. There was an interaction between the two methods of scoring so that the results may simply be different measures of the same departure from randomness. As an extreme example, if the marked bivalents always lay at the two end positions on the metaphase plate, then their separation would always be 19. In the present experiment, it is unknown whether the separation or the positioning of the bivalents was a fixed factor, so analyses were carried out to see (1), if the data for positions accounted for the observed distribution of separations, and, (2), if the data for separations accounted for the observed distribution of positions.
For the first comparison, an expected frequency distribution of separations of marked bivalents was generated, based on the actual distribution of positions of the marked hivalents (as found in the experiment). Fig. 4 shows how one of the random separations, used to make the frequency distribution based on positions, was found. Two random numbers lying in the range from 1, up to the number of marked bivalents scored in a genome, were generated. Each random number was then compared with the cumulative frequencies of occurrence of marked hivalents (solid black in fig.   4 ) from one side of the plate to the other (from position I to 21). The position of the bivalent equivalent to the randomly generated number was For the second comparison, an expected frequency of positions based on the actual distribution of separations was generated for comparison with the actual distribution of positions, using a similar technique, but using 100,000 randomly chosen separations, rather than positions, in each genome.
Separations derived from positions These results (table 2) In the D genome, more than half of the Chi2 value was accounted for by significantly more pairs of marked bivalents lying together (Chi2 = 188, Chi EP ('hi2 No Ex genomes, the actual number of bivalents at the outer positions tended to be significantly higher than expected, and the number near the centre was lower than expected.
It is impossible completely and rigorously to separate the effects of the three influences on these data, although some attempt can be made. It is hard to explain why the marked bivalents tend to go to the end of the plate. Clearly, it is impossible for all 21 normal bivalents to tend to lie towards the end position in vivo, so the effect must be due either to redistribution of some or all of the heteromorphic bivalents during spreading, or to the heteromorphs being in special positions in the cell (1 or 2 in the previous section). It was impossible to distinguish between these two possibilities using squashed preparations. However, the present results clearly show that any analysis of spatial relationships between marked bivalents cannot easily be extended with validity to the behaviour of whole normal bivalents in hexaploid wheat.
Optical examination of unsquashed metaphases would be unlikely to give enough resolution to allow identification of the heteromorphic I- The results from the tests of interaction show that the non-random distribution of separations does not account for the strong tendency for marked bivalents to lie at the end positions. Thus, one or both of the marked bivalents of any pair must tend to lie closer to the end than expected by chance alone. Kempanna (1963) looked at 50 cells from each of three crosses including one marked bivalent-IA, 7 B and I D. These were not significantly different from random when pooled (Kempanna and Riley, 1964, 
Interaction of marked bivalents
There was an interaction in the relative positioning of the bivalents, as shown by the non-random distribution of the number of intervening bivalents. This was largely accounted for by the positions of marked bivalents which were found. However, there was also a tendency for more hivalents than expected to lie together in the B genome (264 compared to an expectation of 215 based on the positions, or 210 if randomly positioned) and D genome (196 compared to 144 or 143) . This implies that there was some attraction or affinity between the pairs of marked bivalents. The tendency for bivalents to lie at the ends of the plate almost entirely accounts for the increased number of pairs lying at high (17, 18 or 19) separations which is shown in table 2, although the number at 19 separation in the D genome was significantly lower than expected based on the data for positions.
When compared with the random expectation, all the genomes were highly significantly different, with generally higher numbers of bivalents at low and high separations than would be expected by chance. This was perhaps because of the tendency of marked bivalents to lie at the ends of the plate, although it was not possible to distinguish between "cause" and "effect" in the present experiment.
Effects of squashing-relationship to actual bivalent position-shape of cell
In the present work, it is unknown whether the shape of the cell, and/or the metaphase plate, before flattening, influences the positioning of the metaphase bivalents as seen in the spread preparations. It would be necessary to use reconstructions of serially sectioned electron micrographs to see whether the positions of the marked bivalents showed any correlation with the shape of the metaphase plate or cell as discussed above. Rickards (1984) considered the possibility that the position and orientation of a quadrivalent in Allium was correlated with the geometry of the cell before flattening, but concluded that this was an unlikely cause of his results. He also discussed the possible movements of bivalents during the squashing procedure used to make linear arrays of bivalents. If squashing is applied parallel to the plane of a circular metaphase plate (giving an equatorial squash), then bivalents located at or near the centre of the plate will appear at or near the centre of the spread. Peripheral bivalents may appear at any position, from central to the end, depending upon the direction of squashing with respect to the shape of the metaphase plate. The situation is different if the metaphase plate, and/or the surrounding section of the cell, is elliptical since these plates will probably tend to he squashed so that the long axis of the original plate and that of the spread bivalents are the same.
Thus it seems likely that bivalents originally appearing at the ends of an elliptical in viva plate (i.e., near the extremes of the major axis of the ellipse) will remain at the ends in the spread, and all other positions will reflect the actual positions of the marked bivalents. Centromere sizes are known to vary between chromosomes and bivalents in wheat and other species (Jenkins and Bennett, 1981; Heslop-Harrison, 1983) . Bivalents with smaller centromeres might tend to be delayed in congression and/or to lie in different places on the metaphase plate. Certainly, some chromosomes generally congress before others in various species (e.g., Vig, 1983) . Results with intergeneric hybrids (Bennett, 1983; Finch and Bennett, 1983) have shown that one genome (set of chromosomes) has centromeres which are much less expressed (both by being smaller and having only approximately 10 per cent as many microtubules attached) than those of the other genome. In hexaploid wheat, the bivalents of different genomes may have varying sizes or activities of centromeres-which vary slightly between different chromosomes or bivalents within a genome, and more between genomes-and hence congress at different rates and times, or to different positions, onto the metaphase plate. Jenkins and Bennett (1981) suggested that centromere volumes and chromosome volumes were closely correlated, based on evidence from Festuca nuclei, at least within genomes in single cells. They also suggested that some telocentic chromosomes may have smaller centromeres, in part because of their size. If so, then heteromorphic bivalents may behave differently from other bivalents of the same genome because of the smaller and presumably less active centromeres of their telocentric partner. Kempanna and Riley (1964) concluded that there was no significant tendency for the positions of marked bivalents to be disturbed because they were rod shaped. However, Rickards (1984) has shown that an interchange quadrivalent at metaphase I in an Alliurn species appeared in both particular positions (marginal) and particular orientations ("alternate" if marginal) more frequently than might be expected by random chance alone.
Size of bivalents Kempanna and Riley (1964) also concluded that the non-random distribution of bivalents which they found on the wheat metaphase plate was not dependent on the sizes of the bivalents involved, a conclusion which the present data support. The chromosomes of the B genome are generally larger than many of those in the A genome and most in the D genome (Sears, 1954; Giorgi and Bozzini, 1969; 1970; Nishikawa, 1970) . It is possible that large and small bivalents might behave differently under the influence of squashing. For example, Heilborn (1936) suggested that secondary association was a differential grouping of the chromosomes of different size and mass under the forces of nuclear division. However, in the present experiment an explanation based on size differences between heteromorphic and normal bivalents is unlikely to be true because the large heteromorphic bivalents-such as SB or 3 B-are larger than some of the smaller normal bivalents, such as some of those of the D genome, but still show the tendency to lie at the end positions. Conversely, chromosome ID is probably the smallest bivalent (Sears, 1954) , and when present as a heteromorphic bivalent, the pair is even more likely to be the smallest bivalent, since an arm is missing.
However, its behaviour was not significantly different from most of the other bivalents in the same genome (data in Heslop-Harrison, 1983 ). These results show that size alone does not affect bivalent positioning. They agree with the results of Rickards (1984, quoted above) who examined the positioning of abnormal metaphase I quadrivalents in squashes of Allium nuclei, and showed that small and large bivalents were neither found preferentially in marginal nor central positions in flattened metaphases.
It is unlikely that the squashed metaphase plates reflect the actual positions of the marked bivalents in vivo very accurately. Even if the marked bivalents tended actually to he at peripheral positions in the cells, the results from the B genome seem to show they lie at the end position more frequently than would be expected given a random direction of squashing (although a tendency to lie at the ends of the major axis of an ellipse could explain this finding). It is also difficult to explain the tendency of the marked bivalents to lie not at, but near to, the end of the squashed plate in the A and D genome results.
Therefore, we conclude that it is probable that the actual positions of the marked bivalents in the cell affect the positions in the squashed plate, but that the physical processes of squashing a pair of marked, heteromorphic, bivalents also affects the positioning of the two bivalents. fig. 2 and fig. 3 ). As discussed above, the basis of the difference is unlikely to be bivalent size, nor the effect of being marked since chromosomes from all genomes were marked and treated in similar ways in the experiment. Thus some other, possibly genetical control of relative or absolute bivalent position may be acting differently on the three genomes. The physical distortion caused by the marking might have different effects on each genome or alternatively positions of the three genomes could be different, and affect the bivalent positioning differently in each genome.
Evidence for a fixed disposition of genomes An explanation of the differences between the genomes could involve differences in their relative spatial separation. If the three genomes are in part concentrically spatially separated, the B genome could have more opportunity for its chromosomes to move to the actual end of the plate than the others. This possibility is particularly interesting in view of results of recent studies of intergeneric and interspecific grass hybrids which have shown that the chromosomes of the two parental genomes tend to he separated concentrically-i.e., one set of chromosomes tending to be peripheral to another (see Finch el a!., 1981; Linde-Laursen and Jensen, 1984; Bennett, 1985) . This work was carried out on diploid hybrids, but results (Bennett and Smith, unpublished) for autotetraploid, Hordeurn vulgare x Seca!e africanum, also show concentric separation of parental sets exactly as found in similar hybrids at the diploid level. Perhaps the three genomes of hexaploid wheat behave similarly with the outer, peripheral, B genome, tending to surround the more central A and D genomes. This concept of the genomes lying concentrically may also be supported by the results of Avivi el a!.
(1982a), in somatic cells, who stated that "within each genome, the homologous chromosomes were significantly closer to one another than were nonhomologues" and that (1982b) "the three wheat genomes are not intermixed but, rather, tend to occupy different areas of the somatic nucleus".
In hexaploid wheat, the three genomes might be concentrically separated with the different genomes occupying different regions of the nucleus. The individual genomes, although interacting, could all behave differently and may be acting independently. Further experiments, involving both serially-sectioned normal and marked karyotypes, as well as this type of squash experiment, will be required to test such theories.
